1/2 nearly abolish Fkn-induced HUVEC migration. Conclusions: We demonstrate that Fkn induces significant alterations in cytoskeletal structure and specifically activates the MAP kinases, JNK and Erk 1/2, both of which appear necessary for endothelial cell migration. Our results suggest that the endogenous Fkn present in the RA joint may induce angiogenesis through activation of the JNK and Erk 1/2 pathways.
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ing the ELR motif, consisting of glutamic acid-leucinearginine preceding the CXC sequence are typically angiogenic [8] . Additionally, the CC chemokine monocyte chemotactic protein-1 (MCP-1) has been identified as an inducer of angiogenesis [9] . We have previously shown the CX3C chemokine, Fkn, as a mediator of angiogenesis in RA [5] . Subsequently, others have confirmed Fkn as an angiogenic mediator [10] [11] [12] .
Fkn is the only member of the CX3C chemokine family which is identified by having three amino acids between its two terminal cysteine residues [13] . Fkn is distinct from most other chemokines in that it is a large transmembrane protein containing a long negatively charged mucin-like stalk with a chemokine domain perched atop. Fkn can be cleaved resulting in the release of a soluble 95-kDa glycoprotein. Soluble Fkn is a monomer and can function as a chemoattractant for T lymphocytes, monocytes and NK cells [14] [15] [16] . Membrane-bound Fkn mediates leukocyte adhesion to endothelial cells and leukocyte capture [17] . Functionally, we and others have previously shown Fkn to be capable of the recruitment of endothelial cells in vitro and the formation of new blood vessels in vivo [5, [10] [11] [12] .
CX3CR1 is the sole receptor for Fkn and is expressed on T lymphocytes, monocytes, NK cells, and endothelial cells [5, 18] . Chemokine receptors are known to use different cell signaling pathways involved in cell functions such as survival, proliferation, and migration. This is also true for CX3CR1 as Fkn stimulation of microglial cells has been shown to induce migration and activation of MAPK [19] . Similarly, Chinese hamster ovary cells, transfected with CX3CR1, phosphorylate MAPK and Akt in response to Fkn stimulation [20] . Recently, neuroblastoma cells expressing CX3CR1 transmigrate through endothelial monolayers and phosphorlyate extracellular signal-related kinase (Erk) 1/2 and Akt in response to soluble Fkn [21] .
Expression of CX3CR1 does not by itself imply that a cell will migrate toward Fkn. For example, MonoMac6 cells and primary astrocytes both express CX3CR1 but do not migrate to Fkn [19, 22] . Interestingly, MonoMac6 cell migration toward MCP-1 can be antagonized by Fkn [22] . The lack of migration in these cells compared to migrating cells such as human microvascular endothelial cells (HMVECs) indicates that CX3CR1 is likely coupled to different signal transduction pathways in different cell types.
We have previously shown that Fkn expression is increased in RA and that Fkn induces microvascular endothelial cell migration, in vitro tube formation, and in vivo angiogenesis [5, 23] . The mechanism by which Fkn initiates these responses is not fully elucidated. In this article we use Western blot analysis to elaborate on the signaling events initiated upon Fkn stimulation of macrovascular and microvascular endothelial cells. Additionally we utilize fluorescent microscopy to identify the nature and timing of cytoskeleton changes which occur in response to Fkn stimulation of endothelial cells. Finally, we examine whether phosphorylation of MAP kinases is required for endothelial cell migration.
Methods

HMVECs and Human Umbilical Vein Endothelial Cells
HMVEC and human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex (Walkersville, Md., USA) and grown in low serum media supplemented with growth factors (EGM-2MV) as recommended by the manufacturer.
F-Actin Staining
HMVECs or HUVECs were plated on gelatin-coated round glass coverslips in a 24-well tissue culture plate at either 100,000 or 50,000 cells/well in EGM-2MV. The following day cells were washed with PBS and media was replaced with serum-free basal media (EBM-2). After 1 h at 37 ° C, media was replaced with EBM-2 containing 10 or 1 n M human Fkn (chemokine domain; R&D Systems, Minneapolis, Minn., USA) for the times indicated (10 or 30 min, 1, 2 or 3 h). Cells were fixed in 1 ml of 3.7% formaldehyde in PBS at room temperature for 10 min and washed twice with PBS. Glass coverslips were removed from the plate and cells were permeabilized with acetone at -20 ° C for 3 min and immediately washed twice in PBS. Coverslips were blocked in 100 l PBS + 1% BSA for 25 min. Block was replaced with Alexa Fluor 488 phalloidin (Molecular Probes, Carlsbad, Calif., USA) in PBS + 1% BSA + DAPI (10 g/ml) for 20 min at room temperature. Coverslips were washed twice in PBS, air dried, mounted on a microscope slide, and stored in the dark at 4 ° C until observed. Representative photographs were taken using a Nikon Eclipse E400 microscope fitted with a Spot Digital camera.
Western Blotting
HMVECs or HUVECs were cultured in EGM-2MV, washed with PBS, and then introduced to EBM-2 in the absence of serum and growth factors for 1 h. Media was replaced with EBM-2 + 10 n M Fkn for 1, 5, 10, 15 or 30 min prior to lysing. Cells were lysed in an extraction buffer containing 20 m M Tris pH 7.4, 137 m M NaCl, 1 m M Na 4 O 7 P 2 , 10 M NaVO 4 , 100 M NaF, 1% NP-40 and 10% glycerol. Cell lysates were mixed 1: 1 with Laemmli's sample buffer containing 20% sodium dodecyl sulfate and boiled for 5 min. Samples were then subjected to gel electrophoresis. Separated proteins were transferred from the gel onto a nitrocellulose membrane using a Trans-Blot SD Electrophoretic Cell (Bio-Rad Laboratories, Hercules, Calif., USA) for 30 min. To block nonspecific binding, membranes were incubated with 5% milk in Trisbuffered saline containing 0.1% Tween-20 (TBST) for 1 h at 4 ° C. The blots were further incubated overnight with primary antibody at 4 ° C (Cell Signaling Technology, Beverly, Mass., USA). After washing in TBST, blots were incubated with horseradish 9 peroxidase-conjugated goat anti-rabbit IgG antibody (diluted 1: 2,000 in TBST + 5% milk) for 1 h at 4 ° C. ECL Plus detection reagents (Amersham, Piscataway, N.J., USA) and a Storm 860 PhosphorImager (Amersham Pharmacia Biotech, Piscataway, N.J., USA) were used in conjunction with Image Quant software (Molecular Dynamics, Sunnyvale, Calif., USA) to detect and quantitate the bands.
Endothelial Cell Chemotaxis
Briefly, HUVECs were progressively introduced to lower concentrations of serum prior to the assay by diluting EGM-2MV with EBM-2 using the following schedule: 1: 2 dilution for 4 h; 1: 4 dilution for 4 h; 1: 8 dilution overnight (14 h); serum-free EBM-2 for 4 h. Assays were conducted in a 48-well microchemotaxis chamber with polycarbonate membranes containing 8-m pores (Neuroprobe, Cabin John, Md., USA) coated with gelatin. Stimulants were loaded into the bottom half of the chamber, while the top contained 40,000 HUVECs/well. Where indicated, MEK [the activator of Erk 1/2] was inhibited using U0126 (30 M ) and Jun-N-terminal kinase (JNK) was inhibited using SP600125 (30 M ), while the vehicle was 0.1% DMSO. Migration proceeded for 4 h at 37 ° C, after which the nonmigrated cells were removed with a cotton swab, cells were fixed to the membrane, and stained with DiffQuick (Dade-Behring, Deerfield, Ill., USA). Each sample was assayed at least in quadruplicate, and migrated cells were counted in triplicate high-powered fields selected randomly.
Results
Fkn stimulation of HUVECs induces F-actin reorganization. Actin reorganization, a prerequisite for endothelial cell migration and angiogenesis, was determined using Alexa Fluor 488 phalloidin, a fluorescent stain for filamentous actin. HUVEC stimulation with Fkn, at either 1 or 10 n M , concentrations which are known to induce endothelial cell migration [10] , can cause reorganization of actin filaments ( fig. 1 a-f ). Subconfluent nonstimulated HUVECs exhibited diffuse actin arrangements, which often could be barely seen, as shown in figure 1 a. Within 10-to 30-min exposure of HUVECs to Fkn, Alexa Fluor 488 phalloidin staining of actin filaments intensifies and noticeable organization of thin actin cables can be seen stretching the length of the cell ( fig. 1 b, c) . After 1 h of Fkn stimulation of HUVECs there is prominent staining of F-actin ( fig. 1 d) . The most obvious differences in F-actin labeling were observed after 2 h stimulation with Fkn, where intense actin filament staining is seen stretching from one end to the other end of the cell ( fig. 1 e) . Figure 1 shows representative photographs of HUVECs stimulated with 1 n M Fkn (n = 4). Stimulation with 10 n M Fkn resulted in nearly identical observations (n = 4, data not shown).
Fkn stimulation of HMVECs induces F-actin reorganization. Next, Fkn-induced actin reorganization was studied in microvascular endothelial cells, HMVECs. We have previously shown that stimulation with Fkn at concentrations of either 1 or 10 n M can induce HMVEC migration [5] . In figure 2 we show that Fkn at 1 n M can cause reorganization of actin filaments (n = 2). Stimulation with 10 n M Fkn resulted in nearly identical observations (n = 2, data not shown). Subconfluent nonstimulated HMVECs exhibited diffuse actin arrangements, which often could be barely seen, as shown in figure 2 a. However, just as we observed in HUVECs, HMVECs stimulated with Fkn for as little as 10 min began to have increased F-actin staining with organization of thin actin cables that can be seen stretching the length of the cell ( fig. 2 b) . F-actin staining continues to increase in intensity by 2 h of Fkn stimulation ( fig. 2 e) . nonstimulated HUVECs (0 min), but a prominent enhancement was detected starting as early as 1 min and peaking after 5 min of stimulation. Enhancement of JNK phosphorylation by Fkn was detected in cell lysates from three separate stimulations of HUVECs. A graphical representation of arbitrary band intensity of phospho-JNK normalized to the total amount of JNK detected is also shown.
Cell lysates were also examined for Fkn-induced phosphorylation of Erk 1/2 which is known to be activated in other cell types [19, 24, 25] . To determine whether Fkn stimulation of HMVECs and HUVECs activates Erk 1/2, we stimulated cells with 10 n M Fkn for various time periods and used Western blotting with a phosphospecific antibody on cell lysates. Figure 5 a demonstrates that minimal phosphorylation of Erk 1/2 could be observed in nonstimulated HMVECs (0 min), but a prominent enhancement was detected starting as early as 1 min and peaking after 5 min of stimulation. Enhancement of Erk shown in figure 6 demonstrate that significant HUVEC migration can be induced by Fkn, but that same migration can be significantly decreased by inhibiting either JNK or Erk 1/2 in these cells. Inhibition of Erk 1/2 was accomplished using U0126, which is an inhibitor of MEK 1/2, the kinase that activates Erk 1/2. Thus, Fkn-induced endothelial cell migration appears dependent on signaling through both JNK and Erk 1/2.
Discussion
In previous studies we and others have shown that the angiogenic properties of Fkn are similar in potency to other angiogenic chemokines such as IL-8 and ENA-78 [5, 27] . Specifically, 1 n M Fkn can induce a doubling of HMVEC chemotaxis as well as significant migration at lower concentrations. Moreover, Fkn induces angiogenesis in vivo, while Fkn found in RA synovial fluid and synovial tissue homogenates also contribute to angiogenesis [5] . The angiogenic process is multifaceted involving endothelial cell migration, proliferation, elongation, orientation, and differentiation ultimately resulting in basement membrane reestablishment, lumen formation, and anastomosis with other vessels. Cell migration can be divided up into four distinct steps: lamellipodium extension, formation of new adhesions, contraction of the cell body, and tail detachment [28] . The actin cytoskeleton is intricately involved in both the extension of lamellipodium and the contraction of cell bodies.
While Fkn was known to induce migration of endothelial cells, cytoskeletal changes that result from Fkn stimulation have not been documented. Actin reorganization is known to be a prerequisite for migration of many different cell types [29] . In this study, we describe changes in actin staining intensity and actin cytoplasmic location in HMVECs and HUVECs upon Fkn stimulation. The influence of Fkn stimulation on the actin network was analyzed by fluorescence staining. Fkn stimulation for as little as 10 min results in increased actin staining showing more pronounced actin fibers leading to the cell edges. By 2 h of Fkn stimulation there is pronounced staining of actin fibers throughout the cytoplasm in both HUVECs and HMVECs. A hallmark of endothelial cell migration is the formation of actin bundles through the cell body in the direction of cell movement [30] . Thus, in the same time frame in which we previously showed Fkn to induce endothelial cell migration we now show actin cytoskeletal rearrangements elaborating upon the close relationship between the cytoskeleton and cell mobility.
It is understood that soluble Fkn initiates endothelial cell migration and angiogenesis by interacting with its receptor CX3CR1 [5, [10] [11] [12] . Chemokine receptors are G protein-coupled serpentine receptors and are known to utilize different signaling mechanisms for different functions [31] . In other cell types Fkn has been shown to signal through the MAPK family and through Akt downstream of G protein activation [19, 24, 25] . Here we show phosphorylation of MAPK proteins Erk 1/2 and JNK shortly after Fkn stimulation of both venous and microvascular endothelial cells. This is in agreement with a report by Lee et al. [10] showing HUVEC chemotaxis and tube formation to be dependent upon Erk 1/2 phosphorylation. Additionally, we were able to eliminate Fkn-induced migration of venous endothelial cells by inhibiting either Erk 1/2 or JNK using specific inhibitors.
Other angiogenic mediators including tumor necrosis factor-␣ and vascular endothelial growth factor (VEGF) also induce endothelial cell signaling through the MAP kinase family of molecules. Tumor necrosis factor-␣ stimulation of either HUVECs or HMVECs has been shown to activate Erk and JNK [32, 33] . It is also known that endothelial cells isolated from different parts of the circulatory system utilize different signaling molecules when stimulated with the same angiogenic mediator. Specifically, it has been shown that VEGF stimulation of microvascular endothelial cells results in Ras-dependent Erk phosphorylation while this is not the case in HUVECs [34] . The signaling mechanisms involved in specific cellular functions also vary by angiogenic mediator and cell type. HUVECs stimulated with VEGF migrate independently of Erk phosphorylation while our work shows that Fkn-stimulated HUVEC migration can be reduced by an inhibitor of Erk phosphorylation [35] .
One way in which MAPK activation may be involved in cell migration is through the myosin light chain kinase. Activation of the MAPKs is known to stimulate myosin light chain kinase ultimately leading to actomyosin contractility and cell body contraction, the third step necessary for cell migration [36] . Additionally, Erk is known to be a regulator of protease activity that is involved in detachment of focal adhesion components necessary for tail detachment [37] . Recently, Ryu et al. [11] showed that in human aortic endothelial cells Fkn stimulation resulted in upregulation of Hif-1alpha which in turn induced VEGF-A expression through an Erk 1/2 pathway. This result is in conflict with a previous report showing that VEGF was not necessary for Fkn-induced angiogenesis [10] .
Fkn stimulation of HUVECs or HMVECs did not result in phosphorylation of Akt at either Ser 473 or Thr 308 through 30 min of stimulation suggesting that this survival pathway is not activated by Fkn. We chose time points of 30 min or less based on previous studies of various cell types stimulated with Fkn which showed Akt phosphorylation before or at 30 min [24, 26, 38, 39] . Additionally, Akt activation in endothelial cells stimulated with cytokines other than Fkn showed phosphorylation of Akt before 30 min [40] . However, a recent report by Lee et al. [10] showed that Fkn-stimulated HUVECs did phosphorylate Akt, but only after 45 min. Thus, it may take a longer stimulation with Fkn to stimulate Akt in HMVECs.
Conclusion
Fkn is an angiogenic chemokine found in RA joints that is known to induce endothelial cell migration and tube formation. We show that Fkn induces both microvascular and macrovascular endothelial cells to remodel their cytoskeleton within minutes of exposure. At this same time, Fkn-stimulated endothelial cells phosphorylate MAP kinases JNK and Erk 1/2, but not Akt. Activation of both JNK and Erk 1/2 appear critical to endothelial cell migration and therefore, in turn, are likely critical to Fkn-induced angiogenesis.
